ABSTRACT
INTRODUCTION
Genetically encoded Ca 2+ indicators (GECI) are important for the physiological measurement of Ca 2+ dynamics in tissues and organs (Kotlikoff, 2007; Hires et al., 2008) . Green fl uorescent protein (GFP) has been widely used as a major component for GECI. Intact GFP presents a cage-like structure with 11 β-sheets that form a barrel. Three consecutive residues (Ser65-Tyr66-Gly67) are post translational cyclized to form the fl uorophore, which is attached to the α-helix buried almost perfectly in the center of β-barrel (Ormo et al., 1996; Yang et al., 1996; Brejc et al., 1997) . The protonated and deprotonated fl uorophore in wild-type GFP respectively generate the major excitation peak at a wavelength of 395 nm and a minor peak at 475 nm. By contrast, enhanced GFP (EGFP; GFP-S65T mutant) has a unitary deprotonated fl uorophore and a single excitation peak at 489 nm. Moreover, EGFP can yield an enhanced green fl uorescence (Ormo et al., 1996) . A GCaMP sensor is a widely-used typical GECI that was fi rst constructed based on a central circularly permutated EGFP (cpEGFP), with calmodulin (CaM) and its target peptide of myosin light chain (M13 peptide) at its C and N terminals, respectively (Nagai et al., 2001) . However, GCaMP1.0 (GCaMP version 1.0) and the subsequently improved GCaMP1.6 exhibited fl uorescence degradation at a tissue temperature of 37°C (Ohkura et al., 2005) , thus limiting their imaging applications. GCaMP2 was then discovered, displaying good thermal stability, a fourfold increase in dynamic range, and reduced pH sensitivity. These advantages can mainly be attributed to artifi cial poly-His linker (RSET) coincidentally added in the N terminal of GCaMP2, which enabled the sensor to be fully functional at 37°C (Tallini et al., 2006) . Despite having been used in characterizing Ca 2+ signaling in the heart, smooth muscle, cortical brain slice of mice (Ji et al., 2004; Tallini et al., 2006; Hires et al., 2008) , the low baseline fl uorescence and poor signal-tonoise ratio hinders GCaMP2 from accurately detecting the most rapid physiological Ca 2+ signals, especially in intact organs.
The crystal structure of GCaMP2 was examined to facilitate further understanding and rational improvement of its working mechanism (Wang et al., 2008; Akerboom et al., 2009 ). The overall structure of cpEGFP in GCaMP2 is almost identical to the structure of cpEGFP. Upon Ca 2+ binding, the calcium-coordinated M13/CaM complex signifi cantly interacts with cpEGFP, used for crystallization fi nally crystallized in dimeric form, as confi rmed by the solved structures. According to previous studies, the dimerization tendency at high protein concentration and crystallization was also observed in GCaMP2 (Wang et al., 2008; Akerboom et al., 2009 ). The spectroscopic properties of GCaMP3·Ca 2+ were also characterized in monomeric and dimeric forms. In a pH 7.5 solution close to intracellular conditions, dimeric GCaMP3·Ca 2+ exhibited a twofold decrease in fluorescence intensity compared with the monomeric form (Fig. 1B) . Both dimeric and monomeric GCaMP3·Ca 2+ were absorbed maximally at ~500 nm, but with remarkably different ratios of A500/ A400. Dimeric GCaMP3·Ca 2+ exhibited a fourfold decrease in A500/A400 compared with the monomeric form (Fig. 1B) . Apparently, monomeric GCaMP3·Ca 2+ exhibits better spectroscopic performance than the dimeric form. As a GECI, GCaMPs are primarily used to study Ca 2+ fl uxes in vivo. Upon Ca 2+ binding, GCaMP can exhibit two different oligomeric forms with distinguished spectroscopic properties (Wang et al., 2008; Akerboom et al., 2009 ). However, the intracellular dimer/monomer ratio is difficult to investigate, thus in vivo, this could lead to an inaccurate quantitative interpretations of the imaging results. Spectroscopic studies on GCaMPs were previously conducted using dimer/monomer mixtures or N-terminal truncation lacking RSET, which can maintain the monomeric state even upon Ca 2+ binding (Wang et al., 2008; Akerboom et al., 2009 ). Herein, SEC-isolated monomeric and dimeric GCaMP3·Ca 2+ were employed for analysis and provided accurate spectroscopic properties. in vivo, the notable difference between these two forms provides a potential method to calculating the dimer/monomer ratio of GCaMPs in vivo simply based on the spectroscopic data.
Overall structure of dimeric GCaMP3·Ca 2+ exhibits identical architecture with dimeric GCaMP2·Ca
2+
According to the previous extensive structural studies on GCaMP2 (Wang et al., 2008; Akerboom et al., 2009), Ca 2+ binding triggers dramatic conformational rearrangement of the M13 peptide and CaM. To achieve the crystal structure of GCaMP3, we crystallized both monomeric and dimeric forms of GCaMP3·Ca
under different conditions and solved five structures of GCaMP3·Ca 2+ . In these structures, calciumcoordinated GCaMP3 forms a properly folded dimer in domain-swapped mode (Fig.1D) , which similar to the dimeric GCaMP2·Ca 2+ structures (Wang et al., 2008; Akerboom et al., 2009 ). In one GCaMP3·Ca 2+ dimer, the M13 peptide of each protomer forms a helix and drills into the CaM of the opposite protomer, generating two tightly tethered M13/CaM complexes. The abundant interactions between M13 helix and CaM facilitate an extremely stable dimeric state of GCaMP3·Ca 2+ , consistent with the fact that the SEC-isolated dimeric fraction thus affecting the hydrogen bond environments around the fl uorophore and consequently changing the spectral properties of the whole sensor protein. Meanwhile, the crystal structure of a relatively dim dimeric form of Ca 2+ bound GCaMP2 was reported in other studies (Wang et al., 2008; Akerboom et al., 2009) . Based on structural information and semi-rational library screening, a significantly improved version called GCaMP3 was subsequently created. GCaMP3 was created with one deletion and three substitutions: Arg-2 was removed, whereas Met-66, Thr-116, and Asn-363 were respectively replaced by Lys-65, Val-115, and Asp-362 (Tian et al., 2009) . Compared with GCaMP2, GCaMP3 exhibits 3.9-fold in vivo baseline fl uorescence, three fold dynamic range, and 1.3-fold calcium affi nity. GCaMP3 has been successful in detecting Ca 2+ signal neurons (Dombeck et al., 2010; Seelig et al., 2010; Borghuis et al., 2011) and is considered as a recent breakthrough in human embryonic stem cell-based heart transplantation studies (Shiba et al., 2012) . Meanwhile, the improvement of GCaMP sensor and other GECIs for wider and more accurate use in calcium signaling measurement in vivo is ongoing (Zhao et al., 2011) . Based on extensive studies and optimization trials, achieving further improvement in the performance of GCaMP sensors, given the complicated fl uorescence properties of GFP (Brejc et al., 1997; Tsien, 1998) , as well as realizing dynamic allostery at the interface between the M13/CaM complex and fl uorophore center (Wang et al., 2008; Akerboom et al., 2009 ) and facilitating its innate tendency to form a calcium insensitive dimer (Wang et al., 2008) , remains challenging.
Although previous studies have improved Ca 2+ signal property measurement and provided plausible explanations for the enhancement of GCaMP2, th e study of Ca 2+ kinetics in intact organs, especially in terms of the exact function of substituted residues, remains unclear. In the present study, we developed a new generation of GECI called GCaMPJ and thoroughly investigated GCaMPJ and GCaMP3 through both spectroscopic and structural means to provide adequate evidence explaining the calcium-stimulated fluorescence mechanism of the enhanced GCaMP3 sensor. (Fig. 1E ). None of these three residues are in a conformationally fl exible region. Apparently, although GCaMP3 exhibits an almost three fold increase in fl uorescence dynamic range, our structures reveal that this increase was not gained through significant conformational changes.
RESULTS AND DISCUSSION
Further super imposition unveiled a slight contraction of the CaM in dimeric GCaMP3·Ca 2+ , which holds the M13 peptide tighter than the CaM in monomeric GCaMP3 ΔRSET ·Ca 2+ ( Fig. 2A ).
CaM grasps M13 in a manner similar to a palm holding a rod, where the major interactions between two opposite parts of CaM occur at the C-terminus of helix α2 and of helix α6. On the other hand, in dimeric GCaMP3·Ca
2+
, loop α6-α7 and loop α1-α2 move toward each other (distance decrease > 2 Å, as shown with arrows in Fig. 2A ), thus introducing new hydrogen bond interactions between these two loops. Given that the different structures of the dimeric GCaMP3·Ca 2+ that we solved show similar contractions, excluding the explanation that the artifi cial loop are seldom observed.
Monomeric GCaMP3 ΔRSET ·Ca 2+ represents the structure of monomeric GCaMP3·Ca
To investigate the structure of monomeric GCaMP3·Ca 2+ , a truncation mutant lacking the N-terminal RSET module (GCaMP3 ΔRSET ) was used for crystallization. The crystal structure of GCaMP3 ΔRSET ·Ca 2+ presents a monomeric form distinguished from dimeric GCaMP3·Ca 2+ (Fig. 1E ). Without domain swap, the M13 peptide penetrates into the CaM of the same molecule, forming a M13/CaM complex similar to that in dimeric GCaMP3·Ca 2+ (root-mean-square deviation of 1.8 Å for 142 Cα of CaM). However, the overall architecture of both dimeric and monomeric GCaMP3·Ca
2+ is nearly identical to the corresponding form of GCaMP2·Ca 2+ because mutations from GCaMP2 to GCaMP3 are minor. Aside from the fact that Arg-2 deletion prevents degradation, Lys-65, Val-115, and Asp-362 of GCaMP3 are the only three substitution residues. Both Lys-65 and Val- Among the three substituted residues of GCaMP3, (T116V Val-115 in GCaMP3) is the only one around the fl uorophore. To reveal the exact function of Val-115, we mutated it back to Thr (GCaMP3 V115T ). Compared with wild-type GCaMP3, the mutant exhibits a twofold decrease in fl uorescence intensity with similar baseline fl uorescence ( Fig. 3D and 3E ). Moreover, GCaMP3 V115T exhibits a blue-shifted excitation spectrum compared with GCaMP3, which is close to that of GCaMP2 (Fig. 3C) . The calcium affi nity of GCaMP3 V115T is approximately 12% lower than that of the wild-type (261 ± 11 nmol/L vs. 230 ± 3 nmol/L, P < 0.01 paired t-test, Fig. 3D ). All these data prove that Val-115 could be the most essential among the three substitution residues, thus facilitating the comprehensive enhancement of fl uorescence activity.
This essential Val-115 was also investigated structurally. Being a hydrophobic residue, the side chain of Val-115 does not form a hydrogen bond with nearby atoms (Fig. 3A) . Hence, the hydroxyl group of fluorophore, is tethered by only two hydrogen bonds with water molecules, lacking the important hydrogen bond with Thr-116 in GCaMP2 (Fig. 3A) . In the structural studies of GCaMP2 by Wang et al., Thr-116 was believed to contribute to the stabilization of the anionic phenolate by forming a hydrogen bond. Loss of its interaction with phenolic oxygen caused by rotation of the Thr-116 side chain in both structures of cpEGFP and GCaMP2 dimer were believed to result in the neutral low-fl uorescent state (Wang et al., 2008) . However, the absorbance spectra in our study revealed two phenomena (Fig. 3B) . First, valine substitution, which is supposed to destabilize the deprotonated chromophore, did not signifi cantly affect the fl uorophore deprotonation in a neutral and alkaline environment. This phenomenon could be explained by the stabilization of the water molecule by Arg-376 reacting from CaM, which donates a hydrogen bond to the phenolic oxygen of the chromophore (Fig. 3A) . Second, with or without calcium, GCaMP3 exhibits significant absorption at the high energy band with even more absorption at the low energy band compared with GCaMP3 V115T . However, the exact mechanism remains unclear.
In GFP, the corresponding mutation site T203V has been thoroughly studied and was believed to increase the excitedstate proton transfer (ESPT) of GFP (Kummer et al., 2000; Jung et al., 2005; Akerboom et al., 2009) . Comparing the two hydrogen bond networks around fluorophore, the distance between Ser-117 and the water molecule which was bonded by hydrogen to fl uorophore in GCaMP3 became signifi cantly smaller (3.12Å vs. 3.99 Å). This hydrogen bond evidently facilitates the ESPT pathway in GCaMP3 with Glu-135 as the fi nal acceptor (Stoner-Ma et al., 2005) . However, ESPT accounts for the green light emission from the excitation of the neutral phenol group in ground-state equilibrium corresponding to low more compact M13/CaM complex may be attributed to crystal packing is reasonable. . By contrast, the helix α5 is one turn shorter at the N-terminus in GCaMP3 ΔRSET ·Ca 2+ than in GCaMP3·Ca 2+
Monomeric GCaMP3
. As a result, loop α4-α5 undergoes remarkable conformational change between these two oligomeric states (Fig. 2B) . This allostery could be a consequence of distinguished orientations of the cpEGFP to CaM (~60° rotation, Fig. 2C ).
A hole introduced by circular permutation exists in the β-barrel of cpEGFP. In monomeric GCaMP3 ΔRSET ·Ca 2+ , this hole is blocked by the last turn of the C-terminal of helix α4, whereas in dimeric GCaMP3·Ca 2+ , the hole faces the N-terminal of helix α5 and is fairly open to the solvent. Solvent accessibility to this hole is believed to be a key factor in GCaMPs' fl uorescence performance. Ca 2+ -coordinated CaM is believed to block the hole to rescue the fl uorescence activity of cpEGFP. Monomeric GCaMP sout performed dimeric ones in terms of limitation solvent access to the hole. Apparently, GCaMP3 fi ts the same theory.
Notably, Arg-376 may be an important factor in facilitating the stabilization of anionic fl uorophore in monomeric GCaMP3 ΔRSET ·Ca
2+
. According to structural comparison, Arg-376 is the N-terminal point from where helix α4 adopts a different conformation (Fig. 2B and 2C ). In dimeric GCaMP3·Ca 2+ , Arg-376 faces the hollow channel between two protomers and is thus incapable of participating in fluorophore interactions. By contrast, the side chain of Arg-376 in GCaMP3 ΔRSET ·Ca 2+ extrudes toward the phenol group of fl uorophore and forms a hydrogen bond bridge with it via a water molecule. The hydrogen bond between water and the fl uorophore hydroxyl group is one of the two hydrogen bonds holding the deprotonated phenolate. The NH2 of Arg-376 side chain thus acts as the H + receptor to stabilize the fl uorophore at a deprotonated status. Lacking this restriction, GCaMP3·Ca 2+ in dimeric form has a poorly stabilized anionic fl uorophore and relative dim fl uorescence intensity.
Lys-65 and Val-115 are essential to GCaMP3's enhanced fl uorescence activity
The contribution of M66K (Lys-65 in GCaMP3) increased the dynamic range and baseline fl uorescence of GCaMPs in cell assay (Tian et al., 2009 . Correspondingly, Asp-362 in GCaMP3 contributes its carboxyl group, which is chemically more active than a carbonyl group, for coordination. In fact, in our crystal structure of monomeric GCaMP3 ΔRSET ·Ca 2+ , the coordination bonds at the EF hand motif with Asp-362 decrease in length (0.08 Å in average, 0.12 Å m aximally) compared with the corresponding calcium binding site in monomeric GCaMP2 ΔRSET ·Ca 2+ (PDB entry: 3EVR, Fig. 2D and 2E ). The energy band, whereas fl uorescence emission from the excited anionic phenolate group in ground-state equilibrium does not involve proton motion (Chattoraj et al., 1996; Stoner-Ma et al., 2005) . In calcium imaging experiments, GCaMPs are used at the maximum excitation of the indicator, which aims at the deprotonated part. Thus, the ESPT theory cannot explain the fl uorescence enhancement attributed to Val-115.
Asp-362 enhances the calcium sensitivity of GCaMP3
Among the three substitution sites resulting in GCaMP3, N363D (Asp-362 in GCaMP3) is the only one involved in cal- 
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Cell & among all the tested mutants. The limited solvent accessibility to the hole in the cpEGFP β-barrel is the reason why mutation D381Y dramatically improves the fluorescence performance of GCaMP2. In our study, we introduced the mutation D380Y into GCaMP3 to create a better sensor called GCaMPJ. Spectroscopic studies showed that GCaMPJ is approximately 50% higher in ΔF/F 0 than GCaMP3 (30% higher for GCaMP2 D381Y compared to GCaMP2 in previous studies), with a 1.3-fold increase of affi nity for Ca 2+ (173 ± 12 nmol/L vs.
230 ± 3 nmol/L; P < 0.01 paired t-test, Fig. 4B and 4C) .
To identify the exact function of Tyr-380 in GCaMPJ, we crystallized GCaMPJ and determined its structure. Unlike GCaMP2 or GCaMP3, GCaMPJ does not form dimers even under crystallization conditions (Fig. 4A) . The crystal structure of GCaMPJ·Ca 2+ consistently exhibits a monomeric form, generally identical to the structure of monomeric GCaMP3 ΔRSET ·Ca
2+
. The only significant difference, as expected, is that Tyr-380 approaches the β-barreland forms a hydrogen bond bridge with the main chain nitrogen of Ser-117 via a water molecule. The enhanced hydrogen bond network around the fl uorophore facilitates the stabilization of its anionic phenol group. In addition, the relatively large side chain of Tyr-380 blocks solvent accessibility to the hole in cpEGFP β-barrel, further protecting the deprotonated status of fl uorophore phenolate, as proposed in previous studies (Fig. 4D) .
In a further study, other three mutants at this site, namely, D380N, D380E, and D380F of GCaMP3, were introduced to confi rm the function of D380Y in fl uorescence properties and dimerization. Interestingly, the fluorescence dynamic range of GCaMP3 D380F is fairly close to that of GCaMPJ (Fig. 4E) , indicating that the solvent accessibility limited by Tyr-380 or Phe-380 could be the major reason for the increased fl uorescence activities. However, the affi nity for Ca 2+ of GCaMP3 D380F was not improved compared with GCaMP3 (225 ± 11 nmol/Lvs. 230 ± 3 nmol/L, P > 0.05; paired t-test, Fig. 4E ), which is probably because Phe-380 cannot form a hydrogen bond like Tyr-380 with Ser-117. Thus, GCaMPJ can detect small calcium signals better. The dynamic range of GCaMP3 D380N decrease to a level closed to GCaMP3 (Fig. 4E ). Asn and Asp (in GCaMP3) share similar side chains. Surprisingly, the mutant GCaMP3 D380E with a bigger side chain than the Asp-380 in GCaMP3 shows a signifi cant decrease of dynamic range, which even lower than that of GCaMP3 (Fig. 4E) . Notably, Tyr-380 lies in loop α4-α5 because of its remarkable conformational difference between dimeric and monomeric forms of GCaMP3. To ascertain the role of Tyr-380 in preventing dimerization, we analyzed the oligomer distribution of GCaMPJ and three other mutants through SEC analysis. Only GCaMP3 D380F has a dimer ratio of 15%, close to that of GCaMPJ (10%). Mutants GCaMP3 D380N (35%) and GCaMP3 D380E (45%) are worse than GCaMP3 (28%, Fig. 4F ). Therefore, we believe that the spatial confl icts related to the large hydrophobic side chain of Tyr-380 could help to prevent the dimerization of GCaMPJ.
bond-length shortening indicates that the calcium binding site with Asp-362 can tether a Ca 2+ more tightly than that with Asn-363.
CaM of GCaMPs has four calcium binding sites where calcium ions are coordinated in a pentagonal bipyramidal confi guration as in EF hand motifs. At each site, one water molecule and one main chain carbonyl group, as well as the side chains of four residues including one Glu and at least two Asp, contribute their oxygen atoms to the coordination. The other residue involved is either Asp (two sites of four in GCaMP2) or Asn (the remaining two sites). Given the mutation from Asn to Asp, GCaMP3 possesses three sites with Asp and only one site with Asn. GCaMP3 exhibits higher affinity to Ca 2+ and enhanced sensitivity to small calcium transients. Furthermore, the substitution of the only Asn with an Asp at the GCaMP3 calcium binding sites could be a rational consideration for the further improvement of Ca 2+ sensitivity.
Fluorophore status of GCaMP3 can be affected by pH conditions
Fluorophore status can change under different pH conditions (Fig. 3B ). This observation could result from the signifi cant conformational changes of certain residues, such as His-148 and Thr-203 of GFP (Elsliger et al., 1999) . To study the effect of pH condition to GCaMP3, we performed spectroscopic analysis at different pH conditions. According to its absorbance spectra, GCaMP3, with or without coordinated Ca
2+
, exhibits an increased absorption peak at 500 nm along with an increase in pH (Fig. 3B) , which indicates that the fl uorophore of GCaMP3 tends to be deprotonated in an alkaline environment.
Full-length GCaMP3 was also crystallized in different conditions with Ca 2+ , resulting in four dimeric GCaMP3·Ca 2+ structures with only minor variance. The major difference was observedin Glu-60 of the M13 peptide, is the side chain of which branched out to the opposite directions. At pH 8.5, the side chain of Glu-60 waved away from the cpEGFP β-barrel, whereas at pH 5.0, it pointed closely to the β-barrel and replaced a water molecule (Fig. 2F ). Both conformations were observed in two GCaMP3·Ca 2+ crystals with different crystallization conditions at pH 7.5. In fact, the conformational difference of Glu-60 also exists in the structures of dimeric GCaMP2, but was poorly discussed. Additionally, Glu-61 in a Ca 2+ free-GCaMP2 structure has been reported to occupy the front of the β-barrel hole but is pulled away in a Ca 2+ -bound GCaMP2 structure (Akerboom et al., 2009) . Therefore, the different orientations of the Glu-60 side chain at different pH conditions can possibly affect fl uorophore status.
Tyr-380 in GCaMPJ prevents its dimerization and the solvent access to the β-barrel hole
In a previous work by Akerboomet et al., mutation D381Y of GCaMP2 was tested with a set of other mutants to determine their spectroscopic performance. Results showed that the fl uorescence dynamic range of GCaMP2 D381Y was the highest Protein Cell & (SUMO)-tag inside Nhe1/BamH1 sites for further transformation of Escherichia coli strains. Transformed cells were grown overnight in lactose medium at 37°C and then harvested by centrifugation at 4000 g for 30 min. The pellets were resuspended in lysis buffer (137 mmol/L NaCl, 2.7 mmol/L KCl, 50 mmol/L Na 2 HPO 4 ·12H 2 O, and 10 mmol/L KH 2 PO 4 , pH 7.4) and then lysed by sonication. The lysates were then centrifuged at 18,000 g for 30 min. The supernatant was loaded into a gravity-fl ow column containing 5 mL Ni-NTA affi nity resin (Qiagen, USA). After washing the column with 50 mL of washing buffer (lysis buffer with 20 mmol/L imidazole), the target protein was eluted using an elution buffer (lysis buffer with 300 mmol/L imidazole). The protein was treated by Ulp1 enzyme overnight at 4°C after substituting the elution buffer with lysis buffer, after which it was reloaded to the Ni column to remove the SUMO tag. GCaMP3 and its mutants were eluted by a lysis buffer with 50 mmol/L imidazole. The eluted proteins were then applied onto a Superdex-200 gel fi ltration column (GE Healthcare, USA) equilibrated with buffer of different pH values. Fractions containing the target proteins were collected and concentrated for further studies.
Crystallization, data collection, and structure solution GCaMP3 and its mutants were crystallized at 16°C through the hanging drop method. The crystals were grown in drops containing 1 μL
OUTLOOK
For the future improvement of GCaMPs, further enhancement of the kinetic parameters of the sensors should be addressed. The fl uorescence intensity, such as G-GECO that has a twofold intensity with unchanged calcium affi nity, has been significantly increased compared with that of GCaMP3. However, for imaging calcium-related in vivo events with exceedingly rapid velocity or extremely minimal difference, a sensor with improved calcium affi nity and binding kinetics must be employed. GCaMPJ has a comprehensively enhanced performance compared with GCaMP3 in terms of fluorescence intensity, calcium affi nity, and dimerization prevention. Structural insight into GCaMP3 and GCaMPJ has shed light on the biochemical mechanism of the aforementioned enhancements and may promote further improvement.
MATERIALS AND METHODS

Protein expression and purifi cation
Full-length GCaMP3 (Fig. 1A) and its mutants were subcloned into pET-28a vectors with an artificial small ubiquitin-related modifier Table 1 .
Size exclusion chromatography (SEC)
The 500 each of protein solution and reservoir. The crystals of GCaMP3 in pH 8.5 were grown in 0.1 mol/L 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris) at pH 8.5, 0.2 mol/L (NH 4 ) 2 SO 4 , and 23% polyethylene glycol3350 (PEG3350). The two kinds of crystals of GCaMP3 at pH 7.5 were grown in 0.1 mol/L 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES) at pH 7.5, 0.2 mol/L (NH 4 ) 2 SO 4 25% PEG3350, 0.1 mol/L HEPES at pH 7.5, 0.2 mol/L (NH 4 ) 2 SO 4 , and 21% PEG3350. The crystals of GCaMP3 at pH 5.0 were grown in 0.1 mol/LBis-Trisat pH 5.0, 0.2 mol/L (NH 4 ) 2 SO 4 , and 25% PEG3350. The crystal condition of GCaMPJ at pH 7.5 was 0.1 mol/L Tris at pH 7.5, 0.2 mol/L (NH 4 ) 2 SO 4 , and 25% PEG3350. The crystal condition of GCaMPJ at pH 8.5 was 0.1 mol/L Tris at pH 8.5, 0.2 mol/L (NH 4 ) 2 SO 4 , 25% PEG3350, and 0.5% dodecyl dimethylamine oxide. The crystals of GCaMP3 ΔREST were grown in 0.1 mol/L Tris at pH 8.5, 0.2 mol/L NH 4 OAc,and 23% PEG3350. All crystals were fl ash-frozen by liquid nitrogen for data collection. The X-ray diffraction data on GCcMP3 at pH 8.5, GCaMP3 at pH 5.0, and GCaMP3 ΔREST were collected using the in-house X-ray source, MicroMax 007 generator (Rigaku, Japan) combined with Varimax HR optics (Rigaku, Japan). The data on GCaMPJ at two pH Valures in parentheses indicate the corresponding statistics in the highest resolution shell. a R merge = (Σ |Ii| <Ii> |)/Σ |Ii|, where Ii is the integrated intensity of a given refl ection. b R work =(Σ ||F 0 | -|F C || )/ Σ |F 0 |, where F 0 and F C denote observed and calculated structure factors, respectively. c R free is equivalent to R work but caltulated using randomly chosen 5% refl ections as the test set, which were excluded from refi nement process.
Table1. Data collection and refi nement statistics
